Star formation associated with neutral hydrogen in the outskirts of
  early-type galaxies by Yıldız, Mustafa K. et al.
ar
X
iv
:1
60
9.
03
17
9v
1 
 [a
str
o-
ph
.G
A]
  1
1 S
ep
 20
16
MNRAS 000, 000–000 (0000) Preprint 29 October 2018 Compiled using MNRAS LATEX style file v3.0
Star formation associated with neutral hydrogen in the outskirts of
early-type galaxies
Mustafa K. Yıldız1,2,3⋆, Paolo Serra3, Reynier F. Peletier1, Tom A. Oosterloo1,4,
Pierre-Alain Duc5
1Kapteyn Astronomical Institute, University of Groningen, PO Box 800, NL-9700 AV Groningen, the Netherlands
2Astronomy and Space Sciences Department, Science Faculty, Erciyes University, Kayseri, 38039 Turkey
3CSIRO Astronomy and Space Science, Australia Telescope National Facility, PO Box 76, Epping, NWS 1710, Australia
4Netherlands Institute for Radio Astronomy (ASTRON), Postbus 2, NL-7990 AA Dwingeloo, the Netherlands
5Laboratoire AIM Paris-Saclay, CEA/Irfu/SAp CNRS Universite Paris Diderot, F-91191 Gif-sur-Yvette Cedex, France
Submitted 0 August 1234; Accepted 0 October 1234
ABSTRACT
About 20 percent of all nearby early-type galaxies (M⋆ & 6 × 109 M⊙ ) outside the Virgo
cluster are surrounded by a disc or ring of low-column-density neutral hydrogen (H I) gas with
typical radii of tens of kpc, much larger than the stellar body. In order to understand the impact
of these gas reservoirs on the host galaxies, we analyse the distribution of star formation out
to large radii as a function of H I properties using GALEX UV and SDSS optical images. Our
sample consists of 18 H I-rich galaxies as well as 55 control galaxies where no H I has been
detected. In half of the H I-rich galaxies the radial UV profile changes slope at the position
of the H I radial profile peak. To study the stellar populations, we calculate the FUV-NUV
and UV-optical colours in two apertures, 1-3 and 3-10 Reff. We find that H I-rich galaxies are
on average 0.5 and 0.8 mag bluer than the H I-poor ones, respectively. This indicates that a
significant fraction of the UV emission traces recent star formation and is associated with the
H I gas. Using FUV emission as a proxy for star formation, we estimate the integrated star
formation rate in the outer regions (R > 1Reff) to be on average ∼ 6×10−3 M⊙ yr−1 for the
H I-rich galaxies. This rate is too low to build a substantial stellar disc and, therefore, change
the morphology of the host. We find that the star formation efficiency and the gas depletion
time are similar to those at the outskirts of spirals.
Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: ISM –
galaxies: statistics: – galaxies: stellar content
1 INTRODUCTION
Since a long time evidence has appeared in the literature that
early-type galaxies (ellipticals and lenticulars, hereafter ETGs)
harbour central discs (Spitzer & Baade 1951; Sandage et al.
1970; van den Bergh 1976). In recent years, this has been
quantified by several optical studies, based on broad band
imaging and integral-field spectroscopy (e.g., Cappellari et al.
2011a; Laurikainen et al. 2011; Kormendy & Bender 2012;
Krajnovic´ et al. 2013; Weijmans et al. 2014). Since they are
relatively shallow and have a small field of view, these studies are
limited to the inner regions of nearby ETGs. However, deep optical
imaging, together with the kinematics of planetary nebulae and of
globular clusters, have revealed that these discs can extend much
⋆ E-mail: mkyildiz@astro.rug.nl
further out (Romanowsky et al. 2003; Pota et al. 2013; Duc et al.
2014, 2015).
Rotating discs are often detected in the neutral hydrogen (H I)
gas phase, too (e.g., Morganti et al. 2006; Oosterloo et al. 2007,
2010). The most complete census of H I discs in ETGs to date
was obtained by Serra et al. (2012, hereafter S12) as part of the
ATLAS3D survey1. Their results show that ∼20 percent of all
nearby ETGs outside the Virgo cluster are surrounded by a low-
column-density H I disc with typical size of many tens of kpc, much
larger than the stellar body. Some of these H I discs are thought to
originate from the accretion of gas-rich satellites as indicated by
the misalignment of their angular momentum vectors with respect
to those of the stellar discs (Serra et al. 2014). Some of the kine-
matically aligned gas discs may originate from the cooling of hot
gas in the halo (Negri et al. 2015). Whatever their origin, this paper
1 http://www-astro.physics.ox.ac.uk/atlas3d/
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is concerned with the impact of these large H I discs on the prop-
erties of the host ETGs: do these H I discs host any star formation
(SF), and if so what impact does this have on the morphology and
stellar populations of the host galaxy?
The relation between star formation (SF), H I and colour for
different types of galaxies has been known for decades (see, e.g.,
Roberts & Haynes 1994, and references in). In late-type galaxies
we know that the H I content is an important driving factor of
the star formation history. For example, Hughes & Cortese (2009)
show that H I deficient spiral galaxies are at least 1 mag redder
in UV-infrared colours than gas-rich ones, suggesting that quench-
ing of SF and depletion of cold gas happen together. Furthermore,
Wang et al. (2011) find that late-type galaxies with an H I content
larger than average have bluer outer regions. Similarly, Huang et al.
(2014) report that most of the massive H I galaxies − mostly blue
spirals− detected in the ALFALFA survey have strong colour gra-
dients, being bluer in the outer regions. These blue colours indi-
cate existence of young stellar populations, and therefore, a link
between the presence of H I and relatively recent SF. Such link is
known to exist in the H I-dominated outer regions of spirals and in
dwarf galaxies (e.g., Bigiel et al. 2008, 2010; Schruba et al. 2011;
Boissier et al. 2012; Roychowdhury et al. 2015).
Similar to late-type galaxies, evidence of SF is found in the
outer regions of ETGs (Donovan et al. 2009; Salim & Rich 2010;
Thilker et al. 2010; Lemonias et al. 2011; Salim et al. 2012). For
example, Salim et al. (2012) find extended UV discs in 76 percent
of their ETGs (mostly UV rings with diameters of tens of kpc).
In addition, Moffett et al. (2012) find that ∼ 42 percent of their
ETGs with stellar mass between 108 and 4× 1010 M⊙ are UV-
bright. These objects contain H I and have blue UV-infrared colours
together with enhanced SF outside one effective radius. Their re-
sults also support the idea that galaxy evolution can proceed from
early- to late-type as discussed by, e.g., Cortese & Hughes (2009),
Fang et al. (2012) and Salim et al. (2012).
In this paper, we aim to further explore the spatially-resolved
link between H I and SF in the outer regions of ETGs by analysing
the UV, optical and H I images of galaxies in the S12 sample as well
as a control sample of H I-poor control ETGs. For this purpose we
use the H I images published by S12, UV imaging from the Galaxy
Evolution Explorer (GALEX) and optical imaging from the Sloan
Digital Sky Survey (SDSS). In Section 2, we describe the H I-rich
and -poor sample as well as their selection criteria. In section 3, we
describe the data (H I, FUV, and optical imaging) and the method-
ology used for our work. In particular, we study the effect of the
GALEX point spread function (PSF) on our results. In Section 4,
we discuss the UV and optical properties of ETGs in our sample as
a function of H I content. In section 5, we compare star formation
rate (SFR) with the studies in the literature. We also compare the
integrated SF and SF efficiency in the H I disc with that of late-type
and dwarf galaxies. In Section 6, we present the conclusions of our
work.
2 SAMPLE
We have selected our samples based on S12. They analysed the H I
content of 166 ETGs largely based on data from the WSRT. H I
is detected in ∼1/3 of the ETGs, which allows us to define both an
H I-rich and an H I-poor (i.e., undetected) control sample. The latter
is important to investigate whether the SF properties at the outskirts
of ETGs depend on the presence of H I. Namely, we select 24 H I-
rich galaxies with extended discs and 55 H I-poor control galaxies.
We have removed 5 H I-rich galaxies (NGC 3626, NGC 3838,
NGC 3998, NGC 5582, UGC 06176) for which there are no avail-
able UV data and one more H I-rich galaxy with unusable UV and
no SDSS data (NGC 6798). Table 1 lists all the remaining 18 H I-
rich galaxies and their basic properties. We note that −except for
NGC 4262− all the galaxies are outside the Virgo cluster.
The H I-poor control galaxies are selected from the non-
detections in the survey of S12. For each H I-rich galaxy we
select up to 4 H I-poor control galaxies with properties as close as
possible to the ones of the H I-rich object. Namely:
i) stellar mass M⋆ (Cappellari et al. 2013) within +/- 0.8 dex (but
typically within +/- 0.5 dex);
ii) environment density Σ3 (Cappellari et al. 2011b)2 within +/- 0.8
dex (but typically within +/- 0.5 dex);
iii) Virgo cluster (non-) membership (Cappellari et al. 2011a);
iv) kinematical classification (fast- or slow rotator; Emsellem et al.
2011);
v) distance (Cappellari et al. 2011a) within +/- 15 Mpc;
vi) similar GALEX FUV imaging exposure time.
The resulting control galaxies are listed in Table 2. The his-
tograms in Fig. 1 compare H I-rich and control samples. Apart for
the quantities used for the selection of the control sample, which
are by construction distributed similarly in the two samples, we
note that also the distributions of effective radii Reff are consistent
with one another.
3 DATA REDUCTION AND ANALYSIS
All galaxies (except 4 H I-poor control galaxies) studied in this pa-
per were observed with the WSRT. Fourteen H I-rich galaxies were
observed as a part of ATLAS3D project; for the remaining 4 H I-rich
galaxies (NGC 2685, NGC 3414, NGC 4262, NGC 4278), we use
H I images published by Morganti et al. (2006), Józsa et al. (2009),
Oosterloo et al. (2010), while the M(H I) values are taken from S12
in order to adopt consistent distances. The details about the obser-
vations and H I data reduction are given in S12. The 4 H I-poor
control galaxies (NGC 4267, NGC 4377, NGC 4503, NGC 4762)
mentioned above were observed Giovanelli et al. (2005) as part of
the ALFALFA survey (see S12 for details).
3.1 GALEX data reduction
We have obtained the GALEX UV images from the Mikulski
Archive for Space Telescopes for all the H I-rich and control
sample galaxies. We used data from the All-sky Imaging Sur-
vey (AIS), Medium Imaging Survey (MIS), Guest Investigator
Program (GII), Nearby Galaxy Survey (NGS) and Calibration
Imaging (CAI), whose goals and specifications are described in
Martin & GALEX Team (2005). GALEX has two bands: the far-
UV (FUV) and the near-UV (NUV), and the field of view (FOV) is
∼ 1.2 degrees in diameter. The effective wavelengths for the FUV
and NUV bands are 1516Å and 2373Å, with 4.5 arcsec and 6 arc-
sec resolution (FWHM), respectively. All the technical details can
be found in Morrissey et al. (2005, 2007).
2 Mean surface density of galaxies inside a cylinder of height h =
600 km s−1 (i.e. ∆Vhel < 300 km s−1) centred on the galaxy which con-
tains the 3 nearest neighbours.
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Table 1. General properties of the H I-rich sample
No Name D Vhel MK log10(Re f f ) P.A. ε E(B−V) log10M(H I) log10M⋆,r
[Mpc] [km/s] [mag] [arcsec] [degrees] [ ] [mag] [M⊙] [M⊙]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
1 NGC 2594 35.1 2362 -22.36 0.82 306 0.122 0.050 8.91 10.47
2 NGC 2685 16.7 875 -22.78 1.41 37 0.402 0.051 9.33 10.31
3 NGC 2764 39.6 2706 -23.19 1.09 173 0.218 0.034 9.28 10.64
4 NGC 2859 27.0 1690 -24.13 1.43 269 0.272 0.017 8.46 10.97
5 NGC 3414 24.5 1470 -23.98 1.38 135 0.079 0.021 8.28 11.11
6 NGC 3522 25.5 1228 -21.67 1.01 241 0.504 0.020 8.47 10.31
7 NGC 3619 26.8 1560 -23.57 1.42 72 0.020 0.013 9.00 10.91
8 NGC 3941 11.9 930 -23.06 1.40 189 0.338 0.018 8.73 10.34
9 NGC 3945 23.2 1281 -24.31 1.45 159 0.435 0.023 8.85 11.02
10 NGC 4036 24.6 1385 -24.40 1.46 272 0.507 0.019 8.41 11.16
11 NGC 4203 14.7 1087 -23.44 1.47 206 0.153 0.012 9.15 10.60
12 NGC 4262 15.4 1375 -22.60 1.10 216 0.427 0.031 8.69 10.48
13 NGC 4278 15.6 620 -23.80 1.50 50 0.230 0.023 8.80 11.08
14 NGC 5103 23.4 1273 -22.36 1.02 108 0.278 0.015 8.57 10.29
15 NGC 5173 38.4 2424 -22.88 1.01 261 0.214 0.024 9.33 10.42
16 NGC 5631 27.0 1944 -23.70 1.32 34 0.198 0.017 8.89 10.89
17 UGC 03960 33.2 2255 -21.89 1.24 108 0.645 0.040 7.79 10.39
18 UGC 09519 27.6 1631 -21.98 0.87 198 0.402 0.018 9.27 10.06
Note.− Column (1): The name is the principal designation from LEDA (Paturel et al. 2003). Column (2): distance in Mpc Cappellari et al. (2011a). Col-
umn (3): heliocentric velocity Cappellari et al. (2011a). Column (4): total galaxy absolute magnitude derived from the apparent magnitude in K band
Cappellari et al. (2011a). Column (5): projected half-light effective radius Cappellari et al. (2011a). Column (6): position angle of the galaxy calcu-
lated from the H I image Serra et al. (2014). Column (7): ellipticity of the galaxy calculated from the H I image Serra et al. (2014). Column (8): esti-
mates of Galactic dust extinction Schlafly & Finkbeiner (2011). Column (9): total H I mass calculated assuming galaxy distances given in column (2)
Serra et al. (2012). Column (10): stellar mass calculated by using a mass-to-light ratio and a total luminosity in the r-band (Cappellari et al. 2013).
Table 2. Control sample galaxies for each H I-rich galaxy
H I-rich Control 1 Control 2 Control 3 Control 4
NGC 2594 UGC 04551 NGC 5611 NGC 3595 NGC 6547
NGC 2685 NGC 2549 NGC 2852 NGC 5273 NGC 3098
NGC 2764 NGC 4078 NGC 2592 PGC 044433 NGC 2577
NGC 2859 NGC 4762 NGC 3230 NGC 0821 NGC 3458
NGC 3414 NGC 5322 - - -
NGC 3522 NGC 3796 - - -
NGC 3619 NGC 5308 NGC 3658 NGC 5342 NGC 2950
NGC 3941 NGC 3605 NGC 3301 NGC 3248 NGC 4283
NGC 3945 NGC 3674 NGC 4143 NGC 3648 NGC 3377
NGC 4036 NGC 3613 NGC 6548 NGC 3665 UGC 08876
NGC 4203 NGC 3245 NGC 3757 - -
NGC 4262 NGC 4503 NGC 4340 NGC 4267 NGC 4377
NGC 4278 NGC 5485 NGC 3610 NGC 4346 -
NGC 5103 NGC 2679 NGC 0770 PGC 051753 -
NGC 5173 NGC 5475 NGC 5379 NGC 3400 NGC 5500
NGC 5631 NGC 0661 - - -
UGC 03960 PGC 050395 - - -
UGC 09519 NGC 6149 NGC 7457 IC 3631 -
In general, the GALEX exposures are not centred on galax-
ies in our sample and, therefore, we analyse a 1500×1500 arcsec2
region centered on our galaxies. Background images can be ob-
tained as a product of the GALEX pipeline. However, the back-
ground levels are not sufficiently well determined in the regions
far from the center of the FOV, and therefore we need to calcu-
late the background around our galaxies again. To do so, we use
the same method explained in Yıldız et al. (2015). In this method,
having masked the background and foreground objects based on
SDSS photometric catalogue, images are clipped iteratively, and
finally a mean moving filter is used to estimate the background.
Before the clipping process, we mask a large area (300 arcsec di-
ameter) around the centre of all H I-rich and control sample galax-
ies to avoid over-estimating the background. We subtract these
re-calculated backgrounds from the original, masked images. All
galaxies show some residual background emission after the sub-
traction. Therefore, we subtract a flat background estimated from
the UV radial profiles (Sec. 4.1).
As a last step, we correct the UV images for the ef-
fect of Galactic extinction. We use E(B-V) values (see Table
1) from Schlafly & Finkbeiner (2011) based on the dust images
by Schlegel et al. (1998) and assume AFUV=8.24 × E(B-V) and
ANUV=8.2 × E(B-V) (Wyder et al. 2007).
In this paper, the UV images are smoothed to the H I
resolution whenever a pixel-by-pixel comparison is made with
the H I data. For the other cases such as a colour calculation,
we use the standard resolution of the UV images. During the
reduction process, we use the natural unit of the UV images,
which is counts per second (CPS). We convert this unit to magni-
tude as in Morrissey et al. (2007) by using the following equations :
FUV: mAB = −2.5 × log10(CPS) + 18.82
NUV: mAB = −2.5 × log10(CPS) + 20.08
Having converted the CPS values to magnitudes, we apply the
pixel size correction and convert the magnitudes to mag arcsec−2
by adding 0.8805 (the pixel size of the UV images is 1.5 arcsec).
Having subtracted the residual background from the UV im-
ages, we calculate the uncertainty in determining the background
by using the same area used for the calculation of the residual back-
ground. We use at least 10 ellipses in the mentioned area and de-
termine the background uncertainty as the standard deviation of the
weighted mean intensities in the annuli between the ellipses. These
uncertainties are used to calculate the error bars in the figures.
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Figure 1. Top panels. Distribution of the difference between the stellar mass (left), environment density (middle) and effective radius (right) of the H I-rich
galaxies and H I-poor control galaxies. Bottom panels. FUV exposure time distribution of H I-rich and -poor control galaxies (left) and distribution of the
difference between the distance of the H Irich galaxies and the one of their H I-poor control galaxies. See section 2 for details.
3.2 SDSS data
We make use of SDSS imaging data in order to gain a better un-
derstanding of the origin of the UV emission associated with the
H I. In our paper, we use archival SDSS -g and -r band mosaic im-
ages from DR10. We mask the SDSS images by using the same
method explained above. Although the SDSS images have a flat
background, generally a small residual background has to be sub-
tracted. To determine the residual background, we use a single
large elliptical annulus with a minimum inner radius of 100 arc-
sec and sufficiently far away (at least 20 Re f f ) from the galaxy.
We use the same ellipticity and position angle used for the radial
profiles (see Sec. 4.1). We calculate the residual background by
taking the median pixel value within this annulus in the masked
image. We also apply a correction for Galactic extinction by as-
suming ASDSS−g=3.793 × E(B-V) and ASDSS−r=2.751 × E(B-V)
(Stoughton et al. 2002).
When comparing the SDSS images with the UV, we convolve
them with the FUV and NUV PSFs that are provided by the
GALEX team. Since the convolution of the SDSS images with the
UV PSFs creates some extended emission around the saturated
objects, we have added some extra masks on these objects. For
both the g and r band images, we convert the SDSS flux to
magnitudes by using the following equation :
mAB = −2.5 × log10(nanomaggies) + 22.50
As for the UV magnitudes, to obtain mag arcsec−2 , we sub-
tract 1.9897 from the SDSS magnitudes (the pixel size of the SDSS
images is 0.4 arcsec). We also calculate the error bars with the same
method used for the UV images.
3.3 PSF effects
Since the GALEX PSF has considerable power at large radius
(Morrissey et al. 2007, see the GALEX technical documentation3),
a strong central galaxy source, like a bulge, can contaminate the
emission at larger radius. Therefore, the effect of the GALEX PSF
3 http://www.galex.caltech.edu/researcher/techdoc-ch5.html
MNRAS 000, 000–000 (0000)
SF associated with H I in the outskirts of ETGs 5
10
0
10
1
10
2
10
3
Galactocentric distance [arcsec]
−14
−12
−10
−8
−6
−4
−2
0
L
o
g
C
o
u
n
ts
FUVHI−rich
FUVCHI−rich .
NUVHI−rich
NUVCHI−rich
FUVHI−poor
FUVCHI−poor
NUVHI−poor
NUVCHI−poor
HI-rich: NGC2859 – Control: NGC3230
Figure 2. Azimuthally averaged surface brightness profiles of the H I-rich
galaxy NGC 2859 (circles) and the H I-poor control galaxy NGC 3230
(squares). For both galaxies we show the NUV and FUV profiles in yel-
low and blue, respectively. The profile of the PSF-convolved, central NUV
and FUV emission is shown in grey and black, respectively. To separate the
lines from two galaxies, the profiles of the control sample galaxy are scaled
down by 5 dex. The red-vertical arrows correspond to 1, 3 and 10 effective
radius, respectively. Open symbols indicate annuli below the secure radius,
where the PSF contamination is large (Sec. 3.3).
is almost never negligible. In order to understand this effect we
use a similar method as the one adopted by Moffett et al. (2012):
after zeroing all the pixels outside 1 Re f f , the UV images are con-
volved with the GALEX PSF. Comparing the resulting images with
the original ones, we can estimate how much of the light outside 1
Re f f is due to the broad wings of the GALEX PSF.
In practice, having convolved the central UV images with the
PSF, we quantify the PSF contamination by using radial profiles.
Below we focus on two apertures, 1-3 and 3-10 Re f f , and here
we verify whether any of these apertures is contaminated by the
emission from within 1 Re f f because of the large GALEX PSF. If
the contamination from the central source is more than 20 percent
in the first aperture, we increase the inner radius by the pixel size
of the image. We repeat this process until the PSF contamination
falls below 20 percent. In case the contamination is more than 20
percent everywhere in the first aperture, we flag this aperture as bad,
and then continue the process for the second aperture (3 - 10 Re f f ).
With this method, we define a secure radius limit outside which the
PSF contamination is less than 20 percent. In this paper, we use the
secure radius limit for the next steps such as calculation of colour
or star formation efficiency. We list the value of this radius for each
galaxy in Table A1.
Fig. 2 shows, as an example, one of the H I-rich galaxies,
NGC 2859 (upper part) and itâ ˘A ´Zs control galaxy, NGC 3230
(lower part). In this figure, the black and grey dashed lines show
the radial profiles of the convolved central FUV and NUV emis-
sion, respectively. The observed profiles are obtained from masked
and carefully background-subtracted images. Ignoring the effect of
the PSF, one might naively conclude that the FUV flux between 1
and 3 Re f f is significant in both galaxies. However, in NGC 3230
this flux is almost entirely due to the PSF, and our method allows
us to identify such situations. This shows the importance of taking
into account the effect of the PSF, especially when dealing with the
GALEX data.
Recent studies have found that the effect of the SDSS PSF can
be important at large radius. For example, at 40 arcsec this effect
is ∼ 10−6 in relative flux (D’Souza et al. 2014; Sandin 2014). At
a similar radius the GALEX PSF is ∼ 100 times stronger than the
SDSS one. Since we select galaxy regions where the GALEX PSF
does not significantly contaminate the measured fluxes, the effect
of the SDSS PSF should be negligible in the same regions.
3.4 Measuring the SFR and H I surface density
The star formation rate (SFR) is estimated by using the FUV im-
ages described above. In order to convert the FUV emission into
SFR, we follow Bigiel et al. (2010) and take:
ΣSFR[M⊙yr−1kpc−2] = 0.68×10−28× IFUV[erg s−1Hz−1kpc−2],
(1)
where IFUV is the FUV intensity per unit area and the initial mass
function (IMF) is assumed to be of a Kroupa type. This estimate
could in principle be corrected for internal extinction on the basis
of the H I image using the relation N(H I)/E(B−V ) = 5× 1021
cm−2mag−1 presented by Bohlin et al. (1978). This relation is de-
rived for the Milky Way and therefore is likely to provide an upper
limit on the extinction in metal poor environments. Since the H I
column density is low (a few times 1019cm−2) in the outer regions
of ETGs, the extinction decreases to a negligible level ∼ 1-2 per-
cent. In this paper, we do not apply this type of correction.
In order to compare the SFR with the H I column density, we
calculate the gas surface density from the H I images. We convert
the given H I flux in to the gas surface density by using the standard
conversion:
ΣHI [M⊙ pc−2] = 8840×
FHI [Jy / beam×km/s]
bmaj×bmin [arcsec]2 (2)
where the bmaj and bmin are the major and minor axis size of the
beam, respectively. FHI is the flux detected across all velocity chan-
nels.
4 RESULTS
4.1 Radial profiles
In order to investigate the relation between H I and star formation
in the outer regions of ETGs, we derive the optical and UV ra-
dial profiles of the H I-rich objects using elliptical annuli whose PA
and ellipticity are those of the H I disc. These values are derived
as part of the kinematical analysis presented by Serra et al. (2014,
see table 1). For the H I-poor control galaxies we adopt the pho-
tometric PA and ellipticity published by Krajnovic´ et al. (2011). In
both cases the width of the annuli increases logarithmically from
the inside out. In this paper, we do not study the SF inside 1 Re f f ,
because contamination by the UV flux from the old stellar popula-
tions makes the interpretation very difficult there.
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Figure 3. Azimuthally averaged surface brightness profiles of the FUV
(blue), NUV (yellow), SDSS-r band (red) images, and surface density pro-
file of the H I image (magenta) for NGC 4262. The H I surface density units
are given on the right-y axis in magenta. The black-vertical dashed line
show the star formation threshold (see Sec. 4.1). The vertical dotted lines
corresponds to 1, 3 and 10 Re f f , respectively. The error bars represent the
uncertainty in determining the background.
As an example, Figure 3 shows the resulting H I, UV and op-
tical radial profiles for NGC 4262. In this figure, surface brightness
values are converted to AB-mag arcsec−2 and given on the left axis.
The H I surface density is given on the right axis. We provide a fig-
ure like Fig. 3 for all H I-rich galaxies in appendix A.
As done in previous studies (e.g., Thilker et al. 2007;
Lemonias et al. 2011; Moffett et al. 2012), we use the radius of
the 27.35 mag arcsec2 NUV isophote as the star forming disc ra-
dius (RSFTH). Having calculated the RSFTH values for all the H I-
rich galaxies, we find that all the H I profiles extend well beyond
this radius (e.g., see the black-vertical dashed line in Fig. 3). For
NGC 4262, it is clear that the H I disc not only extends much further
out than the optical body but also that the highest H I column den-
sity is found beyond this threshold. What is also interesting in Fig.
3 is that the FUV and NUV profiles exhibit a local peak at the po-
sition of the peak of the H I profile, whereas the r-band profile does
not change. This region corresponds exactly to the star-forming UV
ring almost 10 Re f f away from the centre (e.g., Cortese & Hughes
2009).
Based on the radial profiles, we find 9 H I-rich galaxies for
which the highest H I column density region is beyond RSFTH.
These are NGC 2594, NGC 2685, NGC 2859, NGC 3941,
NGC 3945, NGC 4036, NGC 4262, NGC 4278, UGC 09519. The
H I column density of these 9 galaxies increases from the centre
outwards, which means that the H I is concentrated in the outer re-
gions. Additionally and more importantly, in the majority of cases
(but not all, such as, NGC 4278 4), the FUV and/or NUV profiles
exhibit a slope change or a peak at the location of the H I profile
peak. This correspondence can be no coincidence and is a clear in-
dication that the detected UV emission is related to SF triggered
by the presence of H I. This serves as a further demonstration that
4 Although there are some UV clumps around NGC 4278, these are
smoothed out in the radial profile due to the azimuthal averaging.
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Figure 4. Top: Azimuthally averaged colour profiles for the H I-rich galaxy
NGC 4203 together with its control galaxies NGC 3245 and NGC 3757. The
open symbols and the error bars are similar to those in Fig. 3. A different
colour has been used for each galaxy, and this is indicated in the upper-right
corner of the image.
the outer regions of H I-rich ETGs can be studied out to these very
large radii using GALEX and SDSS data.
4.2 UV-optical and UV-UV colour profiles
Although the surface brightness profiles indicate where the UV
and H I emission coincides, they do not give a complete picture
about the stellar populations. Besides, detecting an extended UV
disc does not mean that the emission is coming from only the re-
cently formed stars, the source of this emission could be mixture
of young and old stellar populations. In order to understand this
source, we also derive the FUV −NUV , FUV − r and NUV − r
colour profiles for the H I-rich and -poor control galaxies. We also
show colour-colour diagrams for the H I-rich and control sample
galaxies. We note that our conclusions do not change if we use
SDSS-g instead of SDSS-r band.
As an example, we show the colour profiles for NGC 4203
together with its control galaxies NGC 3245 and NGC 3757 in Fig.
4. As can be seen from the colour profiles, NGC 4203 is generally
bluer than its control galaxies, especially the colour FUV −NUV
(see also Yıldız et al. 2015).
4.3 Comparison of the two samples
As mentioned earlier, we have divided the outskirts of the galax-
ies into two region: 1-3 Re f f and 3-10 Re f f . In this way, we can
compare the colours of the H I-rich and -poor control galaxies by
integrating the light in the two regions. Additionally, we can com-
pare the inner aperture with the outer one to determine the colour
gradient in our galaxies.
We show all H I-rich and control galaxies in Fig. 5. We list the
weighted average of the colours, scatter and the colour differences
between the H I-rich and - poor control galaxies in table 3. This
table and Fig. 5 give the following results:
(1) the overall average colour (all the colours used in this study) of
the second aperture is 0.69 and 0.36 mag bluer than that of the first
aperture for the H I-rich and -poor control ETGs, respectively;
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Table 3. The weighted average colour values together with their standard
deviation.
Colour W HI−rich σ W HI−poor σ ∆ W R−P
FUV-NUVAp1 1.40 0.66 1.90 0.50 -0.50
FUV-NUVAp2 0.95 0.60 1.70 0.60 -0.75
FUV-rAp1 6.50 1.00 7.20 0.73 -0.70
FUV-rAp2 5.40 0.98 6.60 0.98 -1.20
FUV-gAp1 5.80 1.00 6.50 0.72 -0.70
FUV-gAp2 4.80 0.96 5.90 0.94 -1.10
NUV-rAp1 5.10 0.56 5.40 0.24 -0.30
NUV-rAp2 4.60 0.65 5.20 0.45 -0.60
NUV-gAp1 4.40 0.53 4.70 0.21 -0.30
NUV-gAp2 4.00 0.62 4.50 0.47 -0.50
(2) the 6th column of the table shows that the H I-rich ETGs are
bluer in all colours than the H I-poor control galaxies: 0.5 and 0.8
mag bluer in aperture 1 and 2, respectively.
To determine whether the distributions of the two samples are
different from one other, we run a 2D - 2 sample Kolmogorov-
Smirnov (K-S) test on our H I-rich and -poor control galaxies. Ta-
ble 4 lists the two colours used in the test and the resulting p-value
shows the probability that the two samples are from the same par-
ent sample. The KS test is independent of the error bars of the
measurements. In order to take these errors into account, we cre-
ate 1000 synthetic points distributed as Gaussian around each point
based on their error bars. We then run the 2D - 2 sample K-S test for
the 1000 H I-rich and -poor control pairs. Next to the p-values, we
list the fraction of the trials that satisfies the 95 percent confidence
level. As can be seen from the table, the q-values are smaller for the
FUV-optical than the NUV-optical colours. It means that the differ-
ence between H I-rich and -poor control ETGs becomes more clear
for the FUV-optical colours. This result is consistent with our other
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Table 4. 2D-KS test results
Colour - Colour p2D−KStest ftrials < 5 %
FUV-r − FUV-NUVAp1 0.0020 1.00
FUV-r − FUV-NUVAp2 0.0027 0.98
NUV-r − FUV-NUVAp1 0.0069 1.00
NUV-r − FUV-NUVAp2 0.0078 0.82
result that the highest colour difference is found in the FUV − r
colour confirming the visual impression given by Fig. 5.
We also compare the colours of H I-rich and -poor control
galaxies at fixed stellar and H I mass, and show the resulting com-
parison in Fig. 6. For the control galaxies we use the upper limits on
M(H I) published by S12. We find that in the FUV −NUV colour
H I-rich and -poor control galaxies are slightly different from each
other. A notable aspect of this figure is that the bluest galaxies in
FUV − r colour (bottom panel of Fig. 6) have the highest H I-mass
and the lowest stellar mass. The bottom-right panel of Fig. 6 also
shows that in a given stellar mass (below logM⋆ = 10.8) FUV − r
colour of the H I-rich galaxies are bluer than the H I-poor control
ones supporting our findings mentioned earlier. However, there is
almost no difference in colours for the stellar mass higher than
logM⋆ = 10.8.
5 DISCUSSION
5.1 Stellar populations
Stellar populations of the H I-rich and control sample galaxies are
vital to understand the evolution of galaxies and, more importantly,
the effect of the H I on this evolution. As presented in Sec 4.3, the
H I-rich ETGs have bluer outer regions than the H I-poor control
ETGs. Additionally, it is clear from table 3 and Fig. 5 that the scat-
ter in colours is larger for the H I-rich galaxies than for the H I-poor
control ones. This is likely due to the younger stellar populations
in the outer regions of H I-rich ETGs. Fang et al. (2012) similarly
find that all the extended UV disc ETGs in their sample have bluer
outer UV-optical colours.
The presence of young stellar populations in ETGs have been
studied by several authors. For instance, Kaviraj et al. (2007) find
that galaxies with a NUV − r colour less than 5.5 mag have most
likely experienced recent SF. Salim (2014) also use a similar colour
limit (NUV−r = 5.0) as the criteria for transition region (i.e., green
valley) galaxies. Moreover, Lemonias et al. (2011) use a colour
limit at FUV − r = 5.0 to separate evolved stellar populations from
the recently formed stars in the extended-UV discs. We show these
criteria and limits in Fig. 5.
It is striking that two H I-rich ETGs, NGC 2685 and
NGC 5173, show very blue outer regions (see Fig. 5). Within the
aperture 1-3 Re f f or 3-10 Re f f , the colours of these galaxies fall in
the region occupied by star-forming late-type galaxies. In addition,
based on their colour in the second aperture, 8 H I-rich galaxies
reside in a region bluer than NUV − r = 5, indicating presence of
young stellar populations. According to the colour of the second
aperture, most of the H I-rich galaxies reside below FUV − r = 6
(see Fig. 6). (Salim et al. 2012) have used this colour value (below
FUV − r = 6) as an indication of SF rather than old-star UV up-
turn phenomenon. In addition, these authors find that extended SF
incidence rate starts to decrease after logM⋆ = 10.9 which might
be related our findings that the colour difference between the H I-
rich and -poor control galaxies is lower for stellar masses above
logM⋆ = 10.9.
Finally, our results are consistent with the stellar population
models from Bruzual & Charlot (2003) 5: as can be seen in Fig.
5, the models with instantaneous SF history (grey lines) and ex-
ponentially declining SF history with a time scale of 0.1 Gyr
(brown lines) show that 1 Gyr old stellar populations generally
have NUV − r colours between 3.0 and 4.5 regardless of metallic-
ity. Even the exponentially declining SF history models with a time
scale of 0.5 Gyr (dark brown lines) show relatively young stellar
populations (up to 5 Gyr) between 3.0 and 4.5 NUV − r colours.
5.2 The link between H I and SF
We have established that the H I-rich ETGs have bluer outskirts
than the H I-poor control ones, and these regions contain young
stellar populations too. In this section, we use information from the
surface brightness profiles to investigate the relation between the
H I content and SF in H I-rich galaxies. We will also compare the
blue outer discs of our ETGs with those of H I dominated systems.
To do so, we integrate the FUV flux, as well as the H I flux in the
two apertures used above and calculate the total SFR and total H I
mass.
Figure 7 shows the resulting integrated SFR in the first (blue
star shapes) and second (blue circles) apertures for the H I-rich
galaxies. In this figure, we also compare outer regions of H I-rich
ETGs with H I-dominated systems such as faint dwarf irregular
galaxies (grey circles, Roychowdhury et al. 2014) and dwarf can-
didate H I clouds (red squares, these are detected in blind H I ob-
servations and shown as dwarf candidates based on their UV coun-
terparts, see Donovan Meyer et al. 2015 for details).
The H I mass in the second aperture is higher than in the first
aperture for 16 H I-rich ETGs (i.e., ∼ 89 percent). This includes
objects where the H I radial profile peaks within the second aper-
ture, as well as objects where the H I disc is very large and, there-
fore, most of its mass is outside 3 Re f f . As mentioned in Sec.
4.1, there is a change in the UV profiles of 6 ETGs in our sam-
ple where the H I-column density peaks (5 of these galaxies reside
below NUV − r = 5.0). It is useful to note that these peaks are the
azimuthally averaged values, thus they do not reflect the local gas
surface density. For example, the UV profiles of NGC 4278 does
not show a clear change where the H I profile reaches its peak value
∼ 0.7 M⊙ pc−2 (∼3 Re f f ). However, at the same radius there are
local H I clumps with a column density of ∼ 1.4 M⊙ pc−2, and
these are most likely associated with UV clumps indicative of lo-
calised star formation. Although the peak of H I is not beyond the
RSFTH, a similar case is also true for NGC 4203: Yıldız et al. (2015)
show that some local high density H I clumps can have SFR surface
density as high as the inner regions of late-type galaxies, but this
information may be lost when using radial profiles or quantities in-
tegrated over large apertures.
We find the average H I mass as ∼ 1.4 ×108 M⊙ and ∼ 5×
108 M⊙ for the first and second apertures, respectively. Although
the H I mass in the second aperture is 4 times higher than in the
first aperture, the integrated SFR values are almost the same: 6.1×
10−3 M⊙ yr−1 for the first and 6.2 ×10−3 M⊙ yr−1 for the second
aperture. This indicates a lower SF efficiency in the outer aperture,
as we discuss in the next Section.
5 The SSP models used in our paper are calculated with the Kroupa type
IMF and are updated in 2007.
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Figure 6. Colour comparison of the H I-rich and -poor control galaxies as a function of total H I mass (left) and stellar mass (right). Note that H I masses for
the H I-poor control galaxies are upper limits (see text).
5.3 SF efficiency and comparison with the literature
In the previous sections, based on the good match between features
in H I and UV radial profiles, we conclude that the H I-rich ETGs
have blue outskirts as a consequence of low-level SF, triggered by
the presence of H I. In this section, we discuss SFR surface density
as a function of H I column density. We also investigate how effi-
ciently the H I is converted into new stars in these regions, and how
this compares to the situation in other galaxies.
By using Eq. 1 and 2, we calculate the SFR- and H I- surface
density (ΣSFR and ΣHI) in the first and second aperture. The result-
ing plot is shown in Fig. 8. An important characteristic of this figure
is that the average ΣSFR in the first aperture is almost 1 dex higher
than in the second aperture: ΣSFR,Ap1 ≈ 9.1×10−5 M⊙ yr−1 kpc−2
and ΣSFR,Ap2 ≈ 1.3×10−5 M⊙ yr−1 kpc−2 for the first and second
apertures, respectively. Table 5 is showing the SFR surface density
values in the aperture 1 and 2 for all the H I-rich sample galaxies.
We compare our results with those of Bigiel et al. (2008,
2010) who studied the same relationship for the inner regions of
late-type galaxies and the outer regions of spirals and dwarf galax-
ies (shown in Fig. 8 as yellow shaded area, green vertical and hori-
zontal lines, respectively). It is striking that the SFR surface density
levels in the outer regions of ETGs are comparable with those of
outer regions of spiral and dwarf galaxies. Moreover, the SFR sur-
face density levels of NGC 2685 and NGC 5173 in the first aper-
ture are the same as those of the inner regions of late type galaxies.
Since our first aperture is between 1-3 R e f f , even this region can
be counted as an outer region. It is worth to note that these galax-
ies are the bluest galaxies in our sample and their colour is simi-
lar to those of star-forming galaxies. In Fig. 8, we show additional
data points (red triangles) for two lenticular galaxies: NGC 404
and ESO 381-47. The values are calculated for the UV/H I rings far
from the optical body of the host galaxies by Thilker et al. (2010)
and Donovan et al. (2009), respectively.
We also show a grey hexagon data point in Fig. 8 corre-
sponding to a giant low-surface brightness galaxy (LSB): Malin 1.
Lelli et al. (2010) suggest that Malin 1 contains a double structure:
an inner high surface brightness early-type spiral galaxy and an
outer extended LSB disc. These authors find that the total H I mass
is ∼ 6.7×1010 M⊙ and the disc extends up to ∼110 kpc radii. In
addition, a recent deep optical study has revealed that Malin 1 ex-
tends up to 150 kpc (Galaz et al. 2015). Although the SFR values of
Malin 1 are obtained for a large area including the central regions
(see Wyder et al. 2009), it is remarkable that our results are consis-
tent with that of Malin 1. Since our H I-rich galaxies have bright
inner regions surrounded with inefficient star forming low-column
density H I discs, we can ask this question: are the H I-rich ETGs
related to giant LSB objects such as Malin-1? However, we need
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Figure 7. Integrated SFR through the first and second aperture against
the total H I mass in the same apertures. SFR is calculated from the total
FUV flux in the apertures. As comparison, we show dwarf irregular galax-
ies from Roychowdhury et al. (2014), and single cloud candidates from
Donovan Meyer et al. (2015). The SFR values of the comparison studies
have obtained for the whole galaxies. We also show two linear fit lines: all
the ALFALFA galaxies (solid magenta line) and only the dwarf galaxies
(magenta dashed line) from Huang et al. (2012b,a).
more information and analysis to answer this question, therefore
we will leave this topic to future studies.
So far we have compared H I and SFR surface density within
fixed apertures. Here we perform a pixel by pixel as done by pre-
vious authors (e.g., Bigiel et al. 2008, 2010; Boissier et al. 2012;
Yıldız et al. 2015). To do so, we smooth and re-grid the FUV im-
ages to the resolution and coordinate grid of the H I images. We
show the smoothed FUV images together with H I-column density
contours and 3 ellipses indicating 1-3-10 Rre f f in Fig. A7. We fo-
cus on regions outside 3 Rre f f , and for galaxy we calculate the
average FUV flux in bins of constant H I column density. The bins
have a width of 0.3 dex and are identical for all galaxies. For each
bin we then take the weighted mean of all the single-galaxy aver-
age FUV fluxes. These weighted mean values are indicated by the
black markers in Fig. 9, while the cyan boxes show the scatter of
all pixels in each bin.
It is clear from Fig. 9 that the ΣSFR level is increasing with
increasing H I column density (as seen also in Fig. 7 and 8). How-
ever, the SF efficiency remains low at all H I column densities in
the outermost regions (R>3 Re f f ) shown in this figure: the average
SF efficiency is ∼ 1.3 (0.3− 5)× 10−11 yr−1. This is ∼ 5 times
lower than in aperture 1. The time necessary to consume all the H I
gas (without gas recycling) is ∼ 9 (1.5−23)× tH (Hubble time)
and ∼ 2 (0.7−9)× tH for aperture 2 and 1, respectively.
As can be seen from Fig. 9, the outermost regions of early-
and late-type galaxies are consistent with each others. The gas de-
pletion time of the outer regions late-type galaxies is ∼ 1011 yr
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Figure 8. SFR - H I relation as a function of radius for the H I-rich galaxies.
The star shapes and circles indicate the average SFR and H I column den-
sity of the aperture 1 and aperture 2, respectively. The yellow area shows
the relation between H I and SFR in the sample of late-type galaxies of
Bigiel et al. (2008). The vertical and horizontal green-shaded areas show
the location of dwarf galaxies and outer regions of spirals, respectively
(Bigiel et al. 2010). In this Figure, the left axis shows the FUV surface
brightness and the right axis shows the SFR surface density calculated with
Eq. 1.
(∼ 7× tH , Bigiel et al. (2010)). Roychowdhury et al. (2015) anal-
yse the same relation between Σgas and ΣSFR in the H I dominated
regions of different type of galaxies with a similar method to ours,
and therefore we use their results (shown as colour lines in Fig.
9) to compare with ours. There is an offset between the lines of
Roychowdhury et al. (2015) and our points, and this is most likely
due to the fact that we explicitly select the outer regions of galax-
ies, while they include inner regions too (as long as they are H I
dominated). It is worth to note that, for our sample, the scatter in
the ΣSFR is increasing with decreasing Σgas.
5.4 Implication for the evolution of these galaxies
From the UV-optical colours, we show that several galaxies are blue
in the outer regions due to recent star formation related to the pres-
ence of H I gas. Their outer colours are so blue that if they were to-
tal colours, we would consider those ETGs to lie in the green valley
or even blue cloud. Are these outer regions affecting the evolution
of the host galaxies? Another way of asking this question is: can the
H I gas in outer regions fuel the star formation at a sufficiently high
level to rejuvenate them and change the morphology of the host by
building a stellar disc? In this section, we will try to answer these
questions.
As mentioned in the previous sections, NGC 2685 and
NGC 5173 are the bluest galaxies in our sample (in both aper-
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Table 5. Logarithmic H I and star formation values of the H I-rich galaxies in the aperture 1 and 2.
Galaxy log10 [ M(H I)Tot,Ap1 M(H I)Tot,Ap2 ΣHI,Ap1 ΣHI,Ap2 SFRFUV,Ap1 SFRFUV,Ap2 ΣSFR,Ap1 ΣSFR,Ap2 SFEAp1 SFEAp2 ]
[M⊙] [M⊙ pc−2] [M⊙ yr−1] [M⊙ yr−1 kpc−2] [yr−1]
NGC 2594 6.71 8.41 -0.53 -0.07 -3.3 -2.7 -4.6 -5.0 -10.1 -11.2
NGC 2685 8.48 9.22 0.71 0.40 -1.7 -1.7 -3.4 -4.5 -10.1 -11.0
NGC 2764 8.68 9.02 0.81 0.14 -2.4 -2.2 -4.3 -5.2 -11.1 -11.2
NGC 2859 – 8.46 – -0.26 -2.3 -1.9 -4.6 -5.2 – -10.3
NGC 3414 7.94 7.36 -0.28 -0.72 -2.0 -1.9 – -5.1 -10.0 –
NGC 3522 7.04 7.92 -0.16 -0.35 -3.2 -3.0 -4.3 -5.2 -10.2 -10.9
NGC 3619 8.82 8.18 0.36 -0.13 -1.8 -2.3 -4.3 – -10.7 –
NGC 3941 7.36 8.68 -0.09 0.14 -2.9 -2.8 -4.4 – -10.3 –
NGC 3945 7.78 8.82 -0.22 0.01 -2.2 -2.0 -4.2 -5.0 -10.0 -10.8
NGC 4036 7.53 8.35 -0.15 -0.03 -2.6 -2.8 -4.5 – -10.1 –
NGC 4203 8.18 8.98 0.22 0.01 -2.3 -2.6 -4.2 -5.5 -10.5 -11.5
NGC 4262 7.07 8.47 0.00 0.36 -2.8 -2.4 -3.8 -4.5 -9.8 -10.9
NGC 4278 7.79 8.57 -0.23 -0.37 -2.2 -2.3 -4.2 -5.2 -10.0 -10.8
NGC 5103 7.26 8.25 -0.10 -0.17 -2.9 -3.1 -4.3 – -10.2 -11.3
NGC 5173 8.48 9.12 0.64 0.24 -1.6 -1.9 -3.4 -4.7 -10.1 -11.0
NGC 5631 8.10 8.78 0.01 -0.15 -2.9 -2.2 -5.0 – -11.0 –
UGC 03960 6.91 7.51 -0.50 -0.56 -2.8 – -4.5 – -9.8 –
UGC 09519 7.39 8.56 0.29 0.38 -3.0 -2.8 -4.1 – -10.4 –
Note.− Column (1): The name of the H I-rich galaxies. The values in the next columns are for the first and second aper-
tures (1-3 and 3-10 Re f f ), respectively. Column (2-3): total H I mass. Column (4-5): average H I column density. Column (6-
7): integrated star formation rate. Column (8-9): average star formation density. Column (10-11): star formation efficiency.
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Figure 9. Σ SFRFUV as a function of H I column density for all the H I-rich
galaxies in our sample (black squares with error bars). The error bars are
the uncertainties in the background calculation. The light blue bars show
the scatter of FUV pixels in the bins. We are using both the positive and
negative FUV pixels in the bins, therefore, two blue bars go to the −infinity
for the lowest two H I bin. Here, we consider only the regions beyond 3Re f f .
Grey dotted lines indicate various constant gas depletion time scales. The
yellow and green shaded areas are the same as in Fig. 8. Different colour
lines show the same relation for different samples (see text). These lines
are drawn by using the slope and intercept values taken from table 4 of
Roychowdhury et al. (2015).
tures)6. The gas depletion time of these galaxies is ∼ 1011 yr in
the second aperture, accordingly, the outer regions of these galax-
ies will be bluer than the inner regions for a long time. How-
ever, given the low-level (inefficient) star formation, the H I gas
cannot change the morphology of the host galaxies. If we inte-
grate the total SF over 1 Gyr (assuming constant SF), the contri-
bution to the total stellar mass will be ∼ 0.1 and 0.05 percent for
NGC 2685 and NGC 5173, respectively. Similarly, three H I-rich
galaxies, NGC 2594, NGC 2764, NGC 3522, show bluer colours
than NUV − r = 5.0 for both the aperture 1 and 2. These galaxies
also can stay in these regions for a long time without changing the
morphology of the host due to the inefficient SF.
There are three H I-rich galaxies, NGC 3945, NGC 4203,
NGC 4262, whose colour in the second aperture is much bluer than
in the first (they are in the red-sequence even if we integrate their
flux up to 10 Re). While the gas consumption time in the inner
regions is relatively short, it increases dramatically in the second
aperture (e.g., ∼6 Gyr and 79 Gyr for NGC 4262). On the one
hand, if we integrate the total SF over 1 Gyr, it is not enough to
create a disc-dominated system. On the other hand, outer regions
of these galaxies can stay in the green valley region for a long
time, while the inner regions stay in the red-sequence. However,
Cortese & Hughes (2009) note that if the flux is integrated up to
the UV ring (∼ 13 Re f f ), NGC 4262 moves to the transition region
(i.e., green valley) in NUV −K colour.
Although the average colour difference is very small (see Sec.
4.3), there are some H I-poor control galaxies have bluer outer re-
gions. For example, the NUV − r colour of NGC 4143 is almost
1 mag bluer in the second aperture than in the first and, there-
fore, the outermost region of this galaxy appears in the green val-
ley region. Galaxies similar to NGC 4143 could be in the pro-
cess of moving towards the red-sequence due to lack of gas as
6 If we integrate the flux of NGC 2685 and NGC 5173 up to 10 Re f f , they
reside in the green valley and blue-cloud regions, respectively.
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it is claimed in the general galaxy evolution idea. However, con-
trary to a general idea, we now know that the H I-rich ETGs might
have come from the red-sequence to the green valley or even if
they are moving towards the redder regions they will move slowly.
Our conclusions are supported by several studies in the literature
(e.g., Cortese & Hughes 2009; Chilingarian & Zolotukhin 2012).
For example, Cortese & Hughes (2009), show that while all the
H I-deficient spiral galaxies −mainly found in the Virgo cluster−
are moving towards the red-sequence, some galaxies lying between
the red and blue sequence might have different evolutionary paths:
moving into − and staying temporarily in − the transition region.
In addition, Moffett et al. (2012) show that their UV-bright ETGs
have larger H I reservoirs than the rest of their sample, and these
galaxies are growing a stellar disc and are mostly located in the
blue sequence. It is believed that extended and large H I structures
in ETGs are associated with external accretion (e.g., Morganti et al.
2006; Oosterloo et al. 2007, 2010). Thus, these galaxies might have
come from the red-sequence to the blue-cloud. A recent simulation
by Trayford et al. (2016) also supports this idea that some galax-
ies –have already moved to the red-sequence– return to the blue
sequence again by having recent star formation. They find that the
majority of the blue galaxies were red in the past. They also claim
that most of the galaxies stay in the green valley region at least ∼ 2
Gyr.
As a result, if the gas in the outer regions of ETGs is converted
to stars for 1 Gyr, the average new-to-total(already existing) stellar
mass ratio becomes 1.6×10−4 . This result indicates that at present
the recent/new star formation does not have a significant impact
on the structure of the host galaxies. However, the present H I gas
is enough to keep the outer regions of the H I-rich galaxies in the
green valley or blue-cloud for a long time. It is important to note
that if these H I-rich systems lose their gas supply due to exhaustion
or some external effect such as merging, the evolution of these sys-
tems currently in the blue cloud or in transition will change: they
will move towards the redder colours.
6 CONCLUSIONS
In this paper we have investigated the relation between H I, star for-
mation and colours of the outer regions of ETGs by comparing an
H I-rich sample to an H I-poor one. We have used spatially resolved
H I images together with the GALEX UV and SDSS g,r band im-
ages. We have used two apertures to study the outer regions: 1-3
and 3-10 Re f f . In addition to the fixed apertures, we also study the
SF as a function of H I column density. Our main conclusions are
given below.
1. Beyond 1 Re f f , H I-rich ETGs are bluer (in UV-optical
colours) than H I-poor control ETGs. This holds also at fixed stel-
lar mass for M⋆ < 6× 1010 M⊙. In some extreme ETGs the outer
colour is comparable to that of late-type galaxies.
2. The H I-rich galaxies have much stronger colour gradients
–between the first and second apertures– than the H I-poor control
galaxies. This means that the presence of the H I has led to star for-
mation in the outer parts of ETGs.
3. In∼ 89 percent of the H I-rich ETGs, the H I mass is higher
in the second aperture than in the first. On average the H I mass in
the second aperture is 5 times higher than in the first aperture.
4. Ten H I-rich galaxies show increasing H I profiles. In re-
lation to that the peak H I column density for 9 of these H I-rich
ETGs is beyond the SF threshold radius. More importantly, in five
of the cases, at the same position, the FUV or NUV profile shows a
change in their slope.
5. The SFR surface density in the in the first aperture is al-
most 1 dex higher than in the second aperture: 9.1 and 1.3×
10−5 M⊙ yr−1 kpc−2, respectively.
6. We have found that outermost regions of 8 H I-rich ETGs
reside between the blue-cloud and red-sequence. This situation is
likely to persist for a long time due to their low efficient SF: the
average SF efficiency of the second aperture is 1×10−11 yr−1.
Although ETGs are quite different from late-type or dwarf
galaxies in their central regions, they are very similar when con-
sidering the H I dominated outer regions. Early-types, spirals and
dwarfs all show a similar Σ SFR vs Σ H I relation, which shows that
SFR is increasing with increasing H I surface density. Additionally,
they show similarly low SF efficiency. The gas depletion time for
the outermost regions of ETGs and late-type galaxies is almost the
same: ∼ 1011 yr. Another meaning of these results could be that
forming stars in a low column density region does not depend on
the host galaxy type.
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APPENDIX A
Table A1. The limits of the aperture 1 (R1-R2) and 2 (R2-R3), total flux in different bands, and the colour values in the first and second apertures for the H I-rich and -poor control galaxies.
Secure Radius Integrated Flux in Aperture1 Integrated Flux in Aperture2 Average colour in Aperture1 Average colour in Aperture2
GalaxyHIrich Re f f R1 R2 R3 FUV NUV r g FUV NUV r g FUV −NUV FUV − r FUV −g NUV − r NUV −g FUV −NUV FUV − r FUV −g NUV − r NUV −g
[arcsec] [Re f f ] [mag] [mag] [mag] [mag]
NGC 2594 6.61 1.7 3.0 10.0 22.28 19.53 18.06 18.75 20.77 19.14 18.03 18.75 2.75 7.25 6.57 4.55 3.87 1.67 5.86 5.18 4.23 3.54
NGC 2685 25.70 1.0 3.0 10.0 16.43 15.99 15.05 15.71 16.66 16.36 15.86 16.53 0.44 4.32 3.65 3.90 3.23 0.31 3.70 3.10 3.40 2.80
NGC 2764 12.30 1.9 3.0 10.0 20.24 19.21 17.40 17.98 19.66 18.97 17.15 17.59 1.03 5.77 5.18 4.78 4.19 0.70 5.35 4.90 4.67 4.22
NGC 2859 26.92 1.0 3.0 10.0 19.13 17.59 14.82 15.53 18.03 17.16 14.73 15.35 1.54 7.23 6.51 5.70 4.98 0.88 6.00 5.38 5.12 4.50
NGC 3414 23.99 1.0 3.0 10.0 18.19 17.14 14.64 15.38 17.79 18.08 15.03 15.76 1.08 6.45 5.71 5.38 4.64 – – – – –
NGC 3522 10.23 1.3 3.0 10.0 21.12 18.98 17.05 17.71 20.65 18.45 16.87 17.49 2.17 7.00 6.34 4.86 4.19 2.22 6.76 6.11 4.58 3.93
NGC 3619 26.30 1.0 3.0 10.0 17.94 16.96 15.15 15.82 19.01 17.60 15.66 16.31 0.98 5.70 5.02 4.72 4.04 – – – 4.73 4.02
NGC 3941 25.12 1.0 3.0 10.0 18.84 16.57 14.06 14.76 18.51 17.48 15.38 15.97 2.27 7.71 7.00 5.45 4.74 – – – 4.97 4.34
NGC 3945 28.18 1.2 3.0 10.0 18.54 17.29 14.52 15.29 18.00 16.79 14.73 15.44 1.19 6.89 6.13 5.72 4.95 1.11 5.99 5.29 4.89 4.19
NGC 4036 28.84 1.7 3.0 10.0 19.68 17.98 15.27 15.99 20.21 18.38 15.45 16.09 1.70 7.36 6.62 5.68 4.95 – – – 5.79 5.07
NGC 4203 29.51 1.0 3.0 10.0 17.74 16.60 14.11 14.84 18.42 17.10 15.19 15.56 1.14 6.53 5.80 5.39 4.66 1.34 6.10 5.70 4.76 4.36
NGC 4262 12.59 1.0 3.0 10.0 19.06 17.81 15.47 16.23 18.18 17.34 15.68 16.36 1.25 6.58 5.81 5.38 4.61 0.88 5.52 4.82 4.66 3.96
NGC 4278 31.62 1.0 3.0 10.0 17.68 16.46 14.00 14.73 17.81 16.79 14.34 15.05 1.22 6.60 5.87 5.39 4.66 1.06 6.31 5.63 5.26 4.58
NGC 5103 10.47 1.1 3.0 10.0 20.41 18.47 16.18 16.87 20.68 19.20 16.55 17.16 1.94 7.15 6.46 5.25 4.55 – – – 5.36 4.78
NGC 5173 10.23 1.0 3.0 10.0 18.11 17.53 16.64 17.25 18.83 18.18 17.23 17.79 0.60 4.43 3.81 3.88 3.25 0.67 4.61 4.05 3.96 3.39
NGC 5631 20.89 1.2 3.0 10.0 20.66 17.96 15.24 15.95 18.89 17.79 15.35 16.04 2.71 8.35 7.63 5.67 4.95 – – – 5.26 4.62
UGC 03960 17.38 1.0 3.0 10.0 20.90 19.34 17.21 17.89 – 18.95 16.76 17.41 1.56 6.58 5.89 5.05 4.36 – – – – –
UGC 09519 7.41 1.2 3.0 10.0 21.00 19.72 17.23 17.96 20.38 19.58 17.75 18.50 1.28 6.73 5.99 5.48 4.74 – – – 4.93 4.19
Secure Radius Integrated Flux in Aperture1 Integrated Flux in Aperture2 Average colour in Aperture1 Average colour in Aperture2
GalaxyHI poor Re f f R1 R2 R3 FUV NUV r g FUV NUV r g FUV −NUV FUV − r FUV −g NUV − r NUV −g FUV −NUV FUV − r FUV −g NUV − r NUV −g
[arcsec] [Re f f ] [mag] [mag] [mag] [mag]
NGC 0661 13.18 1.3 3.0 10.0 21.17 18.85 16.15 16.90 22.13 18.75 16.07 16.78 2.32 7.95 7.20 5.66 4.91 – – – – –
NGC 2549 19.05 2.8 3.0 10.0 23.31 21.07 18.31 19.04 19.66 17.66 15.13 15.84 2.24 7.90 7.17 5.67 4.94 2.02 7.52 6.81 5.54 4.82
NGC 2679 22.39 1.0 3.0 10.0 21.08 18.69 16.20 16.89 20.50 20.44 17.70 18.38 2.40 7.82 7.12 5.44 4.74 – – – – –
NGC 3245 25.12 1.2 3.0 10.0 19.35 17.31 14.74 15.44 20.38 17.44 15.42 16.02 2.05 7.53 6.82 5.50 4.79 – – – 4.91 4.28
NGC 3605 16.98 1.3 3.0 10.0 20.86 19.09 16.62 17.30 20.97 19.99 16.33 17.03 1.76 7.18 6.51 5.46 4.79 0.98 7.42 6.75 6.44 5.77
NGC 3613 26.30 1.2 3.0 10.0 19.38 17.59 14.95 15.68 18.97 17.35 15.03 15.71 1.79 7.36 6.63 5.60 4.86 1.63 6.76 6.07 5.13 4.44
NGC 3674 11.22 – 3.0 10.0 – – 16.03 16.78 20.34 19.09 17.05 17.76 – – – – – 1.26 6.39 5.66 5.20 4.46
NGC 3796 11.48 1.7 3.0 10.0 22.17 19.48 17.27 17.92 21.32 19.84 17.29 17.93 2.69 7.85 7.20 5.20 4.55 – – – – –
NGC 4078 8.32 2.4 3.0 10.0 – 20.79 18.58 19.27 21.27 18.98 16.84 17.31 – – – 5.33 4.66 – – – 5.16 4.64
NGC 4503 28.18 1.3 3.0 10.0 19.58 17.89 14.93 15.70 19.13 18.31 15.58 16.33 1.70 7.57 6.79 5.88 5.11 0.85 6.55 5.80 5.70 4.95
NGC 5322 39.81 1.0 3.0 10.0 18.59 16.73 13.97 14.70 18.20 16.92 14.07 14.82 1.86 7.53 6.80 5.67 4.94 – – – 5.67 4.94
NGC 5475 16.60 – 4.5 10.0 – – 15.38 16.12 21.76 19.66 17.52 18.17 – – – – – 2.14 7.42 6.74 5.36 4.68
NGC 5485 28.18 1.0 3.0 10.0 18.91 17.55 15.00 15.74 19.22 17.59 15.09 15.83 1.37 6.82 6.08 5.46 4.72 1.65 6.88 6.14 5.24 4.50
NGC 6149 10.72 1.3 3.0 10.0 21.79 19.46 17.07 17.78 20.22 19.75 17.52 18.24 2.32 7.63 6.92 5.33 4.63 – – – – –
PGC 05039 10.96 1.4 3.0 10.0 23.46 20.15 18.03 18.70 22.03 20.19 18.43 19.06 3.32 8.39 7.71 5.11 4.44 – – – – –
UGC 04551 10.72 – 3.0 10.0 – – 16.05 16.81 20.65 19.26 16.93 17.69 – – – – – 1.41 6.84 6.05 5.51 4.73
NGC 0770 8.71 1.7 3.0 10.0 23.05 20.23 17.98 18.69 20.40 19.17 17.30 18.02 – – – 5.32 4.60 – – – 4.76 4.05
NGC 2592 12.30 1.0 3.0 10.0 – 18.65 16.06 16.82 – 19.34 17.15 17.94 – – – 5.56 4.80 – – – 5.29 4.52
NGC 2852 7.08 1.8 3.0 10.0 21.38 19.85 17.85 18.50 20.09 19.09 17.38 17.88 1.53 6.53 5.86 5.05 4.37 – – – 4.74 4.18
NGC 3230 18.20 2.5 3.0 10.0 22.57 20.22 17.68 18.47 – 18.42 16.43 17.16 2.35 7.84 7.07 5.53 4.76 – – – 5.14 4.44
NGC 3301 19.95 2.8 3.0 10.0 22.13 – 18.02 18.70 19.81 17.66 15.51 16.19 – 7.03 6.35 – – – – – 5.16 4.47
NGC 3610 15.85 1.0 3.0 10.0 19.60 17.07 14.76 15.43 19.64 17.57 15.28 15.97 2.53 7.79 7.12 5.29 4.62 2.08 7.23 6.54 5.14 4.45
NGC 3658 19.05 1.0 3.0 10.0 20.20 18.30 15.78 16.50 19.46 19.76 17.32 17.79 1.90 7.34 6.61 5.46 4.73 – – – – –
NGC 3757 8.91 – 3.0 10.0 – – 15.44 16.17 20.36 19.32 16.75 17.45 – – – – – – – – – –
NGC 4143 24.55 1.2 3.0 10.0 19.02 17.49 15.10 15.83 19.69 17.83 16.12 16.69 1.52 6.88 6.14 5.38 4.64 1.88 6.32 5.70 4.42 3.80
NGC 4340 37.15 1.0 3.0 10.0 19.17 17.56 14.74 15.49 21.94 18.76 15.80 16.69 1.61 7.32 6.57 5.71 4.96 – – – – –
NGC 5611 10.00 2.4 3.0 10.0 23.12 20.17 18.30 19.01 20.02 19.29 17.23 17.92 2.95 7.84 7.14 4.95 4.25 – – – 5.21 4.51
NGC 7457 36.31 1.1 3.0 10.0 19.69 16.91 14.65 15.33 – 18.05 15.66 16.26 2.79 7.94 7.26 5.15 4.47 – – – 5.36 4.76
Table A2. The limits of the aperture 1 (R1-R2) and 2 (R2-R3), total flux in different bands, and the colour values in the first and second apertures for the H I-poor control galaxies.
Secure Radius Integrated Flux in Aperture1 Integrated Flux in Aperture2 Average colour in Aperture1 Average colour in Aperture2
GalaxyHI poor Re f f R1 R2 R3 FUV NUV r g FUV NUV r g FUV −NUV FUV − r FUV −g NUV − r NUV −g FUV −NUV FUV − r FUV −g NUV − r NUV −g
[arcsec] [Re f f ] [mag] [mag] [mag] [mag]
IC 3631 13.49 2.7 3.0 10.0 21.29 – 20.23 20.86 19.79 – 18.90 19.35 – 4.09 3.50 – – – – – – –
NGC 3248 15.85 1.0 3.0 10.0 20.16 18.12 16.03 16.68 20.28 18.05 16.28 16.91 2.04 7.05 6.40 5.03 4.38 – – – 4.65 4.04
NGC 3400 16.98 1.2 3.0 10.0 21.52 19.29 16.81 17.52 19.95 20.20 18.00 18.74 – – – 5.43 4.72 – – – – –
NGC 3595 14.13 1.1 3.0 10.0 20.82 – 16.11 16.80 19.36 – 16.63 17.00 – 7.61 6.91 – – – 5.54 5.05 – –
NGC 3648 13.18 2.4 3.0 10.0 22.52 20.42 17.94 18.65 20.39 – 17.46 18.18 2.10 7.54 6.82 5.48 4.75 – – – – –
NGC 3665 30.90 1.0 3.0 10.0 18.81 17.13 14.26 15.02 18.87 17.72 14.45 15.18 1.68 7.32 6.56 5.65 4.89 – – – 5.88 5.16
NGC 4267 38.02 1.0 3.0 10.0 18.92 17.45 14.57 15.32 18.10 18.75 16.10 16.66 1.49 7.25 6.49 5.76 5.01 – – – – –
NGC 5273 37.15 1.0 3.0 10.0 19.53 17.36 15.17 15.86 19.95 18.63 16.72 17.73 2.18 7.26 6.57 5.08 4.39 – – – – –
NGC 5342 9.33 2.1 3.0 10.0 – 20.42 18.17 18.89 21.28 19.57 17.81 18.53 – – – 5.25 4.52 1.80 6.59 5.86 4.88 4.15
PGC 04443 5.13 1.0 3.0 10.0 21.21 – 17.01 17.79 21.23 19.72 17.62 18.31 – 6.77 6.00 – – – – – 5.34 4.62
NGC 2577 14.13 1.1 3.0 10.0 20.02 18.54 15.92 16.66 19.37 18.84 16.28 16.99 1.48 7.02 6.28 5.58 4.83 0.55 6.00 5.26 5.46 4.72
NGC 2950 15.49 1.2 3.0 10.0 19.37 17.24 14.88 15.55 19.28 17.45 15.24 15.89 2.14 7.43 6.75 5.31 4.64 – – – 5.19 4.55
NGC 3377 35.48 1.0 3.0 10.0 18.62 16.23 14.08 14.75 19.18 16.35 14.15 14.79 2.39 7.46 6.79 5.07 4.40 2.83 7.86 7.22 5.04 4.40
NGC 3458 11.48 1.9 3.0 10.0 21.22 19.39 16.89 17.61 20.91 19.05 17.02 17.84 1.83 7.28 6.56 5.49 4.76 1.86 6.92 6.03 5.07 4.18
NGC 4283 12.30 1.0 3.0 10.0 20.31 18.67 16.02 16.73 20.05 19.21 16.51 17.25 1.69 7.22 6.50 5.58 4.86 0.92 6.27 5.56 5.35 4.63
NGC 4346 19.50 2.1 3.0 10.0 20.67 18.56 16.03 16.74 19.59 17.64 15.42 16.12 2.13 7.56 6.85 5.47 4.75 1.96 7.13 6.41 5.20 4.48
NGC 4377 13.49 1.0 3.0 10.0 19.65 17.92 15.62 16.34 – 19.01 17.06 17.69 1.74 6.96 6.23 5.26 4.53 – – – – –
NGC 5500 15.14 1.5 3.0 10.0 21.62 19.50 17.47 18.18 20.92 19.12 17.64 18.29 – – – 5.00 4.27 – – – – –
PGC 05175 10.23 1.4 3.0 10.0 21.18 20.23 18.19 18.83 – 19.97 18.98 19.38 0.94 6.02 5.36 5.12 4.46 – – – 4.12 3.73
UGC 08876 8.51 – 3.0 10.0 – – 16.92 17.63 21.36 19.72 17.89 18.53 – – – – – 1.66 6.68 6.01 5.11 4.43
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Figure A1. Left: Azimuthally averaged surface brightness profiles of the FUV (blue), NUV (yellow), SDSS-r band (red) images, and surface density profile
of the H I image (magenta) for H I-rich ETGs. The H I surface density units are given on the right-y axis in magenta. The black-vertical dashed line show the
star formation threshold (see Sec. 4.1). The vertical dotted lines corresponds to 1, 3 and 10 Re f f , respectively. Right: The colour profile of the H I-rich galaxy
(blue) and its control galaxies (red shades). The plots are shown in one row for one H I-rich galaxy. Open symbols indicate annuli below the secure radius,
where the PSF contamination is large (Sec. 3.3). The error bars represent the uncertainty in determining the background.
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Figure A2. Same as Figure A1
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Figure A3. Same as Figure A1
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Figure A4. Same as Figure A1
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Figure A5. Same as Figure A1
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Figure A6. Same as Figure A1
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Figure A7. Blue boxes: FUV images of the H I-rich galaxies, smoothed to the H I resolution, together with H I-column density contours (in red and magenta).
Red boxes: Smoothed FUV images of the selected H I-poor control galaxies for the H I-rich galaxies are shown on the top in blue box. The two apertures used
in this study are indicated with 3 yellow ellipses at 1-3-10 Reff (see Sec. 4.1 for PA and ellipticity parameters). All images show a field of size 150 kpc × 150
kpc.
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Figure A8. Same as Figure A7
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Figure A9. Same as Figure A7
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Figure A10. Same as Figure A7
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Figure A11. Same as Figure A7
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Figure A12. Same as Figure A7
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